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Advisor: Dr. Eric Mintz
Thesis dated December, 1995
Preliminary investigations of some previously synthesized benzofulvene
derivatives confirmed that co-(o-hydroxyphenyl)benzofulvenes exhibit second
order harmonic generation. The incorporation of these materials into highly
thermally stable polymers were initiated by two distinctly different routes. In
route one we proposed to prepare a new diamine incorporating the co-(2-hydroxy-
3,5-diaminophenyl)benzofulvene, which would then be reacted with a
dianhydride to form the corresponding polyimide with a covalently bonded NLO
group. In the second route we proposed the use of their commercially available
thermosetting resin, Cyclotene®3022 (Dow), as the polymer matrix for the
incorporation of (O-(o-hydroxyphenyl)benzofulvene. Route two proved to be the
most promising route.
Studies were done investigating the guest/host system of co-(o-hydroxy
phenyl)benzofulvene/Cyclotene®3022. The polymer-chromophore system
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showed macrophase compatibility to 24 weight percentage. The thermal stability
of the polymer-chromophore system was assessed using Oscillating Differential
Scanning Calorimeter and Thermograviometric Analysis. The system showed
thermal stability to 460 °C. Preliminary investigations were also carried out on
the incorporation of co-(2-allyloxyphenyl)benzofulvene in hopes of creating a
covalently bound chromophore.
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Nonlinear optical materials are expected to play a major role in the
development of new technologies such as: electro-optic switches and modulators
for optical communication, laser frequency conversion and optical switches for
ultrafast computation. One of the phenomena associated with nonlinear optical
(NLO) materials is the abihty to alter the frequency or color of hght, to amplify one
source of hght with another, or to alter its transmission characteristics through a
medium dependent upon its intensity.^ The occurrence of second order NLO
effects in organic materials has been associated with a large intramolecular charge
transfer (ICT).^ In addition, for an organic compounds to exhibit a second order
NLO effect it must have a permanent dipole moment and crystallize in
noncentrosymmetric space groups.
Through the use of lasers, much progress has been made in recent years in
the study of second order nonlinear optical materials. The phenomena of frequency
doubling has been apphed to optical information storage. NLO processes have
provided for the conversion of near-infrared laser hght from diode lasers into deep
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blue light/ The potential advantage of gaining speed can be apphed to such devices
as electro-optic switches and modulators for optical communication and optical
switches for ultra fast computation/
Nonlinear Optical Polymeric Materials
One of the major problems associated with the use of organic compounds
for NLO apphcations is that vast majority (> 70 %) crystallize in centrosymmetric
space groups. With dipolar organic compounds this problem is even more
common.'^ One of the most promising approaches to the apphcation of organic
chromophores to new materials for second-order NLO apphcations is the
incorporation of poled organic chromophores into polymers. The capabihties of
organic synthesis to incorporate NLO chromophores with large
hyperpolarizabhities is of particular interest to NLO apphcations.^ The
incorporation of NLO chromophores into the polymeric system has been
accomphshed in a variety ofways: guest/host mixtures, in which the polymer acts
as a matrix for dissolved molecules/ guest/crosslinked host mixtures, in which the
polymer matrix is crosslinked after poling/ polymer-bound chromophores, where
the molecules are covalently bonded to a polymer chain, and crosslinked polymer-
bounded chromophores, where the molecules are covalently bonded to a
crosslinked polymer matrix.^ The necessary noncentrosymmetric ahgnment of the
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chromophores, possessing permanent dipole moments, in amorphous polymers has
been accomphshed by subjecting polymer films to a high electric field at
temperatures above the glass transition temperature (Tg) to ahgn the chromophore,
followed by “freezing in” the induced ahgnment by cooling the polymer below its
Tg under the apphed electric field. However, this ahgnment has been shown to
decay in the absence of the electric field. This approach to nonlinear materials
has many advantages due to the processibihty of polymers and the diversity in
apphcations.*^ Compared to crystalline materials, polymers often offer easier
methods ofpreparation, tailorable refractive indices, control of spatial ordering, and
the abihty to form complex shapes.
One of the problems yet to be solved in the apphcation of polymeric NLO
materials is that of thermal stabihty. Polymer-chromophore systems must be
thermally stable, maintain ahgnment, retain homogeneity and good nonlinear
optical properties, and not degrade under environmental influences if they are going
to become more than a laboratory curiosity. When polymer based NLO materials
have to be integrated into hybrid electronic and optical devices where short
excursions to high temperatures (200 °C) are necessary, thermal stabihty becomes a
key issue.For this reason, much emphasis has been placed on the search for
nonlinear chromophores with both high second-order hyperpolarizabihty ( ) values
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and high thermal stabihties. The stabihty ofNLO activity in polymeric materials
has been improved by using crosslinked polymer matrices, which reduces the
mobihty of the NLO chromophores.^'* Thus far, crosslinkable epoxy matrices, bis¬
and tris-acrylates, polyurethanes, photo-crosslinkable cinnamate esters, and
thermosetting polyimides have been investigated as hosts for NLO chromophores.*^
Listed below are a few examples of crosslinking polymers incorporating NLO
chromophores.
Host/Guest Systems in a Crosslinked Matrix
Wu et al. examined the NLO chromophore 3-hydroxy-4-(l-hydroxy-2-
naphthylazo]-7-nitro-l-naphthalenesulfonic acid, 1, in the polyimide crosslinked
hostmatrix, Pyralin®261 ID (Dupont)^®
The samples were prepared with 5 - 20 % of 1 by weight in the polyimide.
The polymer films were simultaneously poled in a 50 V/pm dc field and cured at
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250 °C for one hour. The samples were then cooled and the dc field removed upon
reaching room temperature. These samples continued to exhibit good electro-optic
(EO) response even after being heated for many hours at 150 °C, thus
demonstrating the value of this technique. Wu et al. further demonstrated the
importance of simultaneously curing and poling through a comparative study using
samples that were cured and then poled.
In a similar study Valley et al. examined host guest materials using Hitachi’s
LQ - 2200® polyimide as the host matrix and Disperse Red 1, 2, as the NLO
guest.^'’
The host/guest samples were prepared with 5 - 50 % of 2 by weight. The films
were cured and poled using a paralleled-plate electrode at 220 °C. Use of a low
melting point azo dye, such as 2, as tiie NLO guest in a crosslinked matrix produced
a strong electro-optic response. This study demonstrated that the thermal stabihty
of the poled samples at 150 °C were far better than the previously studied
polyimide based system.
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Covalently Bonded Chromophores in a CrosslinkedMatrix
Polymers that incorporate NLO-active moieties as covalently attached
groups are of particular interest. These polymer systems allow higher densities of
NLO groups than host^guest mixtures and offer improved stabihty after electrical
poling. Since the Tg in crosslinked polymers is dependent upon the degree of
crosslinking, or curing. Rich et al. su^ested that “free2dng in” of the
noncentrosymmetric order could be achieved by advancing the Tg with progressive
chemical crosslinking reactions, therefore optimizing the Tg and poling temperature
to obtain the maximum alignment.^^ This is contrary to the conventional method of
preparing NLO polymeric materials. As an example of this type of polymer
system, NLO active 4-nitro-l,2-phenylenediamine (NPDA), 3, was reacted with a







Films were prepared with 38% by weight of 5 from a saturated solution of
propyleneglycol monomethylether acetate. The films were precured at 100 °C for
approximately one hour. Samples of 5 were then cured at 140 °C for 16 hours
under a poling field. No decay in the second harmonic generation (SHG) signal
was reported even at 85 °C. This study indicated that the increased NLO stability
stemmed from the multiple covalent linkages preventing the NLO moieties from
relaxing towards random orientations.
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In a similar study using thermosetting polyurethanes as the crosslinked
polymer matrix, Chen et al. demonstrated long-term stabihty of dipole orientation
and high poling stability.^'’ The monomer 4,4’-diisocyanto-3,3’-
dimethoxydiphenyl, 6, was reacted with Disperse Red 19, 7, to give the prepolymer
8.
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Triethanolamine was added as a crosslinking agent before curing the film.
The film was heated to 160 - 200 °C to cure while simultaneously poling at 12 - 14
kV for one hour. After which, the polymer film was cooled to room temperature in
the presence of the electrical field. The dipole ahgnment exhibited no detectable
relaxation at room temperature for over 3,000 hours, as monitored by SHG
measurement. After keeping the films in an oven at 90 °C for 3,000 hours only, a





All synthetic reactions, unless otherwise specified, were carried using
Schlenk techniques under a purified nitrogen atmosphere. Acetone was dried
by distillation from anhydrous potassium carbonate. Salicylaldehyde (Aldrich),
indene (Aldrich), sodium hydroxide (Fisher), lithium hydroxide (Fisher),
methanol (Fisher), ethanol (Fisher), p-methoxy benzaldehyde (Aldrich), zinc
(Aldrich), acetic acid (Fisher), nitric acid (Fischer), sulfuric acid (Fischer), 2-
hydroxy-5-nitrobenzaldehyde (Aldrich), 2-hydroxy-3,5-dinitrobenzaldehyde
(Aldrich), sulfanilic acid dihydrate (Aldrich), anhydrous sodium carbonate
(Aldrich), sodium nitrite (Aldrich), hydrochloric acid (Fischer), sodium
hydrosulfite (Aldrich), stannous chloride dihydrate (Aldrich), and allyl bromide
(Aldrich) were used as received. Cyclotene®3022 (Dow Chemical Company),
63 % solid in mesitylene, was also used as received. The preparation of ®-(o-
hydroxyphenyl)benzofulvene,^^ 9, and (p-methoxyphenyl)benzofulvene,^'‘ 10,
were prepared by literature methods. Thin Layer Chromatograpy (TLC) was
performed using silica gel plates (Fisher). Melting points were determined
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using a Laboratory Devices Melt-Tempapparatus and are uncorrected. Proton
and carbon nuclear magnetic resonance spectra were recorded on either a
BrukerWM250 or on a BrukerWM400 in CDCI3 or C6D6, with chemical shifts
reported in ppm downfield from the internal standard tetramethylsilane (TMS).
Infrared spectra were recorded on a Nicolet Impact 400. Combustion analysis
were performed by Atlantic Microlab (Norcross, GA). Thermal analysis were
carried out on Seiko DSC220C and TG/DTA220 instruments. Ultraviolet and
visible spectra were acquired with a Beckman DU 640 Spectophotometer.
Preparation of a)-(3-nitro-6-hydroxyphenyl)benzofulvene, 11
Indene (2.520 g, 21.69 mmol) was added dropwise under nitrogen to a
solution of water (15 mL), ethanol (25 mL), and sodimn hydroxide (2.450 g,
61.2 mmol). The mixture was refluxed for 30 minutes. During which time, the
reaction mixture became a deep red, indicative of the formation of the indenyl
anion. The solution was allowed to cool to room teperature. 2-Hydroxy-5-
nitrobenzaldehyde (3.600 g, 21.69 mmol) in ethanol (5 mL) was added
dropwise via an addition funnel. After addition was complete, the mixture was
stirred for 30 minutes at room temperature and then refluxed overnight. TLC
analysis of the mixture indicated no starting materials. The reaction mixture
was neutralized by the addition of 2 N hydrochloric acid. The aqueous portion
was extracted with methylene chloride (3 X 20 mL). The combined organic
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layers were washed with water (3 X 20 mL) and brine (3 X 20 mL), and dried
over magnesium sulfate. After removal of the solvent a dark orange-brown
solid remained. The solid was washed with 20 mL of hexane. The product
was recrystallized from methanol to yield 4.859 g, 84.5 % yield of 11 as yellow
crystals. See Appendix A for spectra. M. P. = 185 - 187 °C. Anal. Calcd; for
C16H11NO3.I/4CH3OH: C 71.42%; H; 4.43 %; N: 5.13%. Found:: C 71.31
%; H: 4.34%;N: 5.20%.
Attempted Preparation of co-(2-hydroxy-3,5-dmitrophenyl)benzofulvene, 12
Method 1
Indene (0.7855 g, 4.714 mmol) was added dropwise under nitrogen to a
solution of water (5 mL), ethanol (10 mL), and lithium hydroxide (0.7855 g,
4.714 mmol). The mixture was refluxed for 30 minutes. During this time, the
reaction mixture developed a deep red color indicative of the formation of the
indenyl anion. The solution was allowed to cool to room teperature. 2-
Hydroxy-3,5-dinitrobenzaldehyde (1.000 g, 4.714 mmol) in ethanol (6 mL) was
added dropwise via an addition funnel. After the addition was complete, the
reaction mixture was stirred for 30 minutes and then refluxed overnight. TLC




(»-(o-Hydroxyphenyl)benzofulvene (1.000 g, 4.545 mmol) was dissolved
in sulfuric acid (12 mL) in a cold water bath (10 °C). A mixture of H2SO4 (4
mL) and HNO3 (4 mL) was added dropwise. The reaction mixture was refluxed
for 15 min. The reaction mixture was then cooled to room temperature, and the
contents of the flask was poured over crushed ice (50.00 g) and stirred until the
ice melted. The black precipitate was filtered and washed with cold water (50
mL) and cold methanol (20 mL) to give 1.008 g of an intractable black powder.
Attempted Preparation of®-(3,5-dinitro-4-methoxyphenyl)benzofuIvene, 13
Glacial acetic acid (16 mL) was added to (p-
methoxyphenyl)benzofulvene, 10, (l.OOOg, 4.274 mmol). While placed in an
ice bath, concentrated HNO3 (4 mL) was added to the mixture. The reaction
mixture was warmed to room temperature and stirred for 15 minutes, and then
heated at 70 °C to dissolve 10. The solution was then refluxed for 75 min.
The reaction was monitored by TLC until the starting material was no longer
observed. The contents of the flask were poured over a water/ice mixture and
stirred until the ice melted, during which time a yellow precipitate formed. The
solution was filtered, and the solid washed several times with water to yield
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0.570 g of p-nitroanisole. NMR and IR spectra of the solid were identical
with authenic sample.
Attempted Preparation of a)-(3-amino-6-hydroxyphenyl)benzofulvene, 14
®-(3-Nitro-6-hydroxyphenyl)henzofulvene was dissolved in
concentrated hydrochloric acid (3 mL) and heated for 15 minutes at 80 °C.
After allowing the mixture to cool, zinc (5 g) was added 1 g at a time. The
solution immediately turned green. The reaction mixture was decanted and a
slightly cloudy precipitate was left in the bottom of the flask. Additional
concentrated hydrochloric acid (3 mL) was added to the precipitate, and the
reaction was refluxed overnight. After more than 24 h, TLC analysis indicated
only the presence of unreacted starting material.
Preparation of a)-(3-amino-6-hydroxyphenyI)benzofuIvene, 14
A mixture of sulfanilic acid dihydrate (1.050 g, 5.0 mmol), anhydrous
sodium carbonate (0.265 g, 2.5 mmol), and water (5 mL) were heated with
stirring in a beaker until all of the sulfanilic acid had dissolved. The solution
was then cooled in an ice bath to 15 °C. A solution of sodium nitrite (0.370 g,
5.4 imnol) in water (1 mL) was added and the resulting solution was poured at
once onto a mixture of concentrated hydrochloric acid (1.06 mL) and ice (4.000
g) in a beaker. The solution was allowed to stand in an ice bath for 20 min.
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Upon initation of stirring, p-benzenediazonium sulfonate separated. Compound
9 (l.lg, 0.005 mmol) was dissolved in a warm solution of sodium hydroxide
(1. lOg, 27.5 mmol) in water (6 mL). This solution was cooled to about 5 °C by
the addition of ice (4 g). The suspension of diazoium salt was added and the
mixture was stirred rapidly for 15 min, then allowed to stand for 1 h. The azo
compound separated from the red solution and eventually formed a thick paste.
The paste was heated to 50 °C, and as the material dissolved there was a
slight evolution of gas. Sodium hydrosulfite (0.230g, 1.10 mmol) (technical
grade) was added cautiously to the mixture. The mixture was stirred imtil the
foaming subsided, then more sodium hydrosulfite (2.07 g, 9.90 mmol) was
added immediately. The mixture was heated until it began to reflux and then
rapidly cooled to 25 °C with an ice bath. The orange product was isolated by
filtration. The crude product was added to a beaker containing stannous
chloride dihydrate (0.020 g) and concentrated hydrochloric acid (1.000 mL) and
heated to boiling. As die heating progressed an additional 0.50 mL of
concentrated hydrochloric acid was added. The color of the solution became
fainter during the heating process. The beaker was placed in an ice bath and
allowed to cool. An additional 0.100 mL of hydrochloric acid was added once
the mixture reached 10 °C. The solution was cooled to 0 °C before collecting
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the filtered to give 0.864 g, 73.5 % yield of 14. The presence of the primary
amine was confirmed using the Hinsberg Test. See Appendix B for the spectra.
Preparation of©-(o-allyloxyphenyl)benzofulvene, 15
Allyl bromide (1.452 g, 0.012 mol) was added dropwise to the mixture
of 9 (1.100 g, 0.005 mol) and anhydrous K2CO3 (0.800 g, 0.006 mol) dissolved
in 10 mL of dry acetone under nitrogen. The reaction mixture was heated in an
oil bath at 75 °C for 12 h. TLC analysis of the reaction mixture at this time
indicated no remaining starting material. The reaction mixture was cooled to
room temperature and precipitated with 100 mL ofwater. The aqueous portion
was extracted with methylene chloride (3 X 15 mL). The combined organic
layers were washed with water (3 X 20 mL) and brine (3 X 10 mL), and dried
over magnesium sulfate. After removal of the solvent under vacuum 2.46 g,
94.6 % yield of a deep orange viscous oil was isolated. See Appendix C for the
spectra. Analysis for C16H14O calculated: C 87.65%; H: 6.20 %. Found: : C
68.17%; H: 6.29%.
Preparation of®-(o-Hydroxyphenyl)benzofuIvene/CycIotene®3022, Guest/
Host System (Bulk Polymerization)
In a typical experiment, ©-(o-hydroxyphenyl)benzofulvene (0.019 g)
was dissolved in benzene (0.300 mL). This solution was then mixed with
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Cyclotene®3022 thermosetting resin (1.000 g) and placed in a Pyrex test tube
equipped with a screw cap. The tube was flushed with nitrogen and placed in a
sand bath and heated to 180 °C until the sample became brittle (1 - 18 h). Small
amounts of the samples were taken out hourly via a spatula and placed in vials
for thermal analysis. The thermal stability of the polymer samples was assessed
using the Differential Scaiming Calorimeter (DSC) and the Themogaviometric
Analysis (TGA). A summary of these experiments is given in Table 1.
Table 1. ®-(o-Hydroxyphenyl)benzofulvene (9)/cyclotene®3022, Guest/Host
Polymer System Samples for Bulk Polymerization
wt%9 9(g) Cyclotene (g) Benzene (mL)
0 0.000 1.000 1.0
3 0.019 1.000 0.3
5 0.034 1.000 0.3
8 0.051 1.000 1.0
16 0.102 1.000 1.0
Preparation of a)-(o-Hydroxyphenyi)benzofuIvene/Cydotene®3022,
Guest/Crosslinked Host System (Thin Film)
In a typical experiment, (o-(o-hydroxyphenyl)benzofulvene (0.032 g)
was mixed with mesitylene (1 mL). This solution was then mixed with
Cyclotene®3022 thermosetting resin (0.404 g) and placed in a vial. The vial
was shaken to assure homogeneity. Small amounts of the solution were placed
on glass slides with a pipette. The slide was placed in an oven at 180 °C for 3
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h, then removed and allowed to cool to room temperature in the air. The
polymer was floated off in a water bath and dried in air overnight before
analysis. The thermal stability of the polymer samples was assessed using DSC
and TGA. A summary of these experiments is given in Table 2.
Table 2. co-(o-Hydroxyphenyl)benzofulvene (9)/Cyclotene®3022, Guest / Host
Polymer System Samples for Thin Film Polymerization
wt % 9 9(g) Cyclotene (g) Sample (g) Yield (g) % Yield
0 0.000 0.254 0.270 0.040 95.2
0.000 0.254 0.204 0.032 100
8 0.020 0.254 0.158 0.026 92.8
0.020 0.254 0.156 0.025 89.3
16 0.040 0.254 0.124 0.022 91.7
0.040 0.254 0.160 0.027 90.0
24 0.060 0.254 0.205 0.034 89.5
0.060 0.254 0.140 0.023 88.5
32 0.080 0.254 0.207 0.804 78.0
0.080 0.254 0.236 0.038 80.4
40 0.101 0.254 0.230 0.035 74.5
0.101 0.254 0.275 0.034 72.2
48 0.121 0.254 0.244 0.038 78.0
0.12 0.254 0.231 0.037 71.4
56 0.141 0.254 0.234 0.034 66.7
0.141 0.254 0.196 0.043 64.5
Preparation of©-(o-Allyloxyphenyl)benzofulvene/ Cyclotene®3022,
Covalently Bound Guest from Thin Film Polymerization
In a typical experiment, co-(o-allyloxyphenyl)benzofulvene (0.020 g) was
dissolved in mesitylene (0.79 mL). This solution was then mixed with
Cyclotene®3022 thermosetting resin (0.400 g) and placed in a vial. The vial
18
was shaken well to assure homogeneity. Small amounts of the solution were
placed on glass slides with a pipette. The sample was weighed prior placing it
in an oven at 180 °C for 3 h. After heating the sample was allowed to cool to
room temperature in air and then weighed again. The yield was calculated
based on the recorded weights. The polymer was floated off in a water bath and
air dried overnight before analyzing. The thermal analysis was assessed by
TGA and DSC. A summary of these experiments are listed in Table 3.
Preparation ofUV Visible Solid Samples
The film samples were assessed using a UV Visible Spectrophotometer.
A holder was constructed using a light weight piece of cardboard and Dow
Chemical’s saran wrap. Cardboard rectangles were cut (2 cm x 9 cm) with 6
mm X 12 mm rectangular aperutres. The opening was covered (back and front)
with the saran wrap and taped down on the sides. The thin film sample was
placed between the two pieces of saran wrap.
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Table 3.- Preparation of co-(o-Allyloxyphenyl)benzofulvene(15)/
Cyclotene®3022, Covalently Bound Guest from Thin Film Polymerization
wt % 21 21 (8) Sample (g) Cyclotene (g) Yield (g) % Yield
8 0.020 0.101 0.400 0.018 100.0
0.020 .0102 0.400 0.017 94.4
16 0.040 0.101 0.400 0.016 94.1
0.040 0.104 0.400 0.018 90.0
24 0.060 0.100 0.400 0.019 95.0
0.060 0.111 0.400 0.022 91.7
32 0.080 0.092 0.400 0.018 90.0
0.080 0.099 0.400 0.020 90.9
40 0.101 0.104 0.400 0.021 90.9
0.101 0.103 0.400 0.021 91.3
48 0.121 0.106 0.400 0.022 91.6
0.121 0.118 0.400 0.026 92.8
56 0.140 0.098 0.400 0.022 92.8
0.140 0.158 0.400 0.022 91.6
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Light Weight Cardboard
Fig. 1. Sample holder for solid state UV Visible analysis
A blank spectrum (saran wrap-only) was collected and substracted from
the spectrum for each of the film samples examined. A cyclotene-only sample
spectrum was substracted from that of the “doped” samples. A 15 wt % o)-(o-
hydroxyphenyl)benzofulvene in cyclotene®3022 and 20 wt % co-(o-
allyloxyphenyl)benzofulvene cyclotene®3022 samples were examined.
Preparation of Infared Spectroscopy Samples
Nicolet Impact 400 Infared Spectrometer
For the brittle polymer samples prepared by the bulk polymerization
method, KBr pellets were prepared. Thin films of the gels prepared by bulk
polymerization prepared between salt plates for IR analysis. The polymers
preparec by thin film polymerization were prepared as KBr for IR analysis. A
total of 32 scans were collected for each sample.
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Infared Microscope Spectrometer
Sample solutions were prepared according to Table 2 and Table 3. Small
amounts of the samples were placed on aluminum plates. Prior to use the plates
were cleaned with hexane followed by mesitylene. The samples were placed in
the oven and heated for 3 h at 180 °C. The samples were cooled in air. Using
the Infared Microscope the reflectance spectrum of the samples were obtained.
A total of 250 scans were collected for each sample.
Preparation of Themal Analysis Samples
Themograviometric Analysis
Samples of approximately 5 - 8 mg were placed in a platinum for
TG/DTA analysis, utlizing an empty platinum pan as reference. The data was
collected from 20 to 1200 °C with a heating rate of 10 °C/min under nitrogen
with a flow rate of 50 ml/min.
Oscillating Differential Scanning Calorimeter
Approximately 5 - 8 mg samples were crimped in an aluminum pan for
ODSC analysis using an empty aluminum pan with a lid as a reference. The
samples were heated from 20 to 400 °C with a heating rate of 50 °C/min under
nitrogen at a flow rate of 70 ml/min. The analysis was carried out with a





For the last several years our group has been investigating the preparation
and reactivity of substituted fiilvenes and benzofiilvenes. It has long been known
17
that the excited states of fiilvenes is more polar than that of the ground states.
This is particularly important for tiie preparation of NLO materials, because ICT
has been found to be an important feature in the origin ofNLO behavior. Working
in conjuctionwith Laser Photonics Technology, Inc., we have shown that several of
the new benzofiilvenes that have been prepared in our laboratory exhibit SHG
behavior in a host/guest polymer system. Table 4. Based upon this, we decided to
investigate the covalent incorporation of benzofiilvenes into a highly thermally
polymermatrix thatmay have the potential to serve as aNLO material.
Fulvenes and Benzofiilvenes as NLO Chromophores
The resonance structures shown below for beznofiilvenes suggest that
intramoleular charge transfer (ICT) should be favorable in co-
23
(hydroxyphenyl)benzofulvenes and even more favorable in co-
(phenoxy)benzofulvenes because of the enhanced donor properties of the O' group.
The indene ring in the benzofulvene is a 10 7c-delocalized electron system which
contributes to the smaller energy gap.^* The contribution of the dipolar
structure is larger in the excited state, and is responsible for a decrease in the energy
difference between the excited and ground states, and thus accounts for the fact that
fulvenes absorb at longer wavelengths compared with isomeric benezoid systems.*^
The UV-Vis absorption spectra of co-phenylbenzofiilvenes exhibit a strong broad
fulvene style of ICT transition Ti->n* (A^nax 345 - 365 nm).**’^^ In conjugated
compounds ICT is important in obtaining large second-order hyperpolarizabihty
(P). This suggested to us that it would be of interest to study the incorporation of
co-(hydroxyphenyl)benzofulvenes into a polymeric matrix. Indeed, during the
coarse of our work, other groups have reported that a small number of fulvenes and
benzofulvenes form crystals that exhibit large second order NLO effects.
However, the vast majority of the fulvenes and benzofulvenes studied crystallize in
centrosymmetric space groups, thus rendering the bulk material NLO inactive.
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Figure 2. Resonance Structures ofBenzofulvenes
The preliminary investigation of second order harmonic generation (SHG)
of some of the new benzofulvene derivatives prepared in our laboratory have been
caried out.^^ Indeed, these preliminary studies confirmed that (o-(hydroxyphenyl)-
benzofiilvenes exhibit second order harmonic generation. Measurements were
carried out by La2er Photonic Technology, Inc., by preparing host-guest polymers
with 19 - 22 % benzofulvene in PMMA, heating to 85 °C and poling with a corona
discharges. However, severe surface damage occurred upon the apphcation of
corona discharge. Preliminary results are given in Table 4.
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We initiated the investigation of the incorporation of co-
phenylben2X)fijlvenes into highly thermally stable polymers by two distinctly
different routes. In one route. Figure 3, we proposed to prepare a new diamine
incorporating the m-phenxybenzofulvene functional group, co-(2-hydroxy-3,5-
diaminophenyl)benzofulvene, 16, which would then be reacted with a dianhydride
to form the corresponding polyimide with a covalently bonded NLO group.
26
+ dianhydride *> Polymer
16
Figure 3. Route for the incorporation of cn-phenylbenzofulvenes into polyimides
In the second route we would employ the commercially available
thermosetting resin, Cyclotene®3022 (Dow), as the polymer matrix for the
incorporation of (jo-(o-hydroxyphenyl)benzofiilvene.
Figure. 4. Route for the incorporation co-phenylbenzoMvenes into cyclotene resin
Before investing the resources necessary to fabricate poled materials several
issues must first be addressed: the chromophore must be readily prepared and be
expected to exhibit NLO activity, the chromophore must be compatible with the
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polymeric material, the polymer-chromophore system must be thermally stable, and
retain clarity tiirough processing. Although, both routes were investigated
simultaneously, the second route proved to be much more successful. Thus, the
bulk of my research efforts were focused on this method and establishing that it
would meet the requirements hsted above.
Cyciotene®3022 Thermosetting Resin as a PolymerMatrix
Dow Chemical’s Cyclotene®3022 thermosetting resin possesses such
advantageous material properties as good thermal stabihty, high Tg, and good
optical clarity, making it an attractive candidate for the incorporation of NLO
chromophores. The resin is derived from low-viscosity B-staged (partially
polymerized) bisbenzocyclobutene (BCB) monomers. The resin reacts by
thermally activated homopolymerization.^° The thermally induced opening of the
BCB moiety 17 give a reactive diene which undergoes cycloaddition to an
unsaturated C-C bond, forming a 6 membered ring 18 via a Diels-Alder reaction.
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The electrocycUc ring opeing of the benzocyclobutene ring and Diels-Alder
reaction of a divinylsiloxane (DVS) bisbenzocyclobutene monomer 19 is the basis
for the formation of a DVS bis-BCB polymer network 20.
Polymer
This resin has been used in apphcations such as high performance electronics
packaging, especially in highly complex and compactmultichip modules.^^’^
29
Attempted preparation of®-(2-hydroxy-3,5-diaminophenyl)benzofulvene, 16
Recently our group has developed a synthesis for o)-(o-
hydroxyphenyl)benzofulvene, 9.^'* The UV Visible spectra for 9 in hexane and
EtOH are given in Appendix D. These spectra exhibit a characteristic strong, broad
benzofiilvene intramolecular charge transfer (ICT) bands at 344 run (hexane,
8 = 5,000 Lmof^cm’'), and 357 nm (EtOH, , e = 42,000 LmoT'cm'*) The
solvatochromatic shift to the red when changing fi'om hexane to ethanol as the
solvent is indicative of an ITC transition. This solvatochromatic shift is due to the
polar excited state being more stabilized relative to the ground state by the more
polar solvent, e.g. EtOH relative to hexane.
Figure 4 gives the proposed route for the preparation of 16. The first step
being the condensation of 2-hydroxy-3,5-dinitrobenzaldehyde with mdene.






As a test case the condensation of indene with 2-hydroxy-5-
nitrobenzaldehyde was carried out in methanol/water under basic conditions in an
manner analogous to Britton et This proved to be a successful route for the




The condensation of 2-hydroxy-3,5-dinitrobenzaldehyde with indene under
the same conditions did not give o)-(2-hydroxy-3,5-dinitrophenyl)benzofulvene, 12.
TLC analysis of the reaction incicated only the presence of the starting materials
after refluxing formore than 24 h.
It is possible that this reaction did not proceed because 2-hydroxy-3,5-
dinitrobenzaldehyde contains two -NO2 groups making the phenol much more
acidic. Thus, leading to only the sahsicaldehyde anion in solution, reducing the
electrophilicity of the aldehyde, thus making it less suseptible to nucleophihc
addition.
An alternative route to prepare dinitrohydroxybenzofiilvenes would be to
nitrate the corresponding hydroxybenzofulvene. The two compounds selected to
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However, the reaction did not proceed as proposed. The reaction was
carried out several times under varying reaction conditions. The initial reaction
condition examined, consisted of reacting 9 with concentrated H2SO4 and HNO3 at
room temperature. The IR spectrum of the recovered precipitate exhibited no no -
NO2 or aromatic peaks. In another experiment, a 3:1 mixture of concentrated
H2SO4 and HNO3 were used to nitrate 9at 0 °C in HNO3. However, this method
did not give the desired product. Using the same ratio of acids as above, the
nitration was attempted again, but using a cold water bath followed by refluxing for
10 minutes. Unfortunately, this too did not lead to the desired product.
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Nitration of 10 with a 4:1 ratio of acetic acid to concentrated nitric acid was
attempted. The concentrated nitric acid was added while in an ice bath followed by











In an attempt to prepare an amino benzofulvene, attempts were made to
reduce 11 using Zn and acetic acid and hydrochloric acid to give C0-(3-amino-6-
hydroxyphenyl)benzofulvene, 14. However, this proved to be unsuccessful.
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However, the reaction of 9 with the diazonium salt, p-benzenediazonium
sulfonate, 18, followed by reduction, proved to be a successful path for the
preparation of 14.
9 + +N2C6H4SO3- + NaOH
18
19+2 Na2S204 + 4 H2O
4NaHS03 + H2NC6H4S03Na
Compound 14 has been characterized by *H and NMR, IR, elemental
analysis and the Hinsberg test was used to confirm the presence of the primary
amine.
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Incorporation of CD-(2-hydroxyphenyl)benzofiilvene, 9, into Cyclotene®3022
Bulk polymerizations of solutions of cyclotene with varying amouns of 9
were carried out at 180° C. At the highest percentages of 9 (8 and 16 wt %), they
exhibited no change after heating at 180 °C for 1 h in a sand bath. In contrast to
this, solutions containing only cyclotene and solvent had formed a gel by this time.
After 3 h, the cyclotene-only sample contained a brittle sohd, while the others
appeared unchanged. It was not until after 9 h of heating that the sample containing
18 wt % of 9 had begun to gel and over 12 h before it became a brittle solid. The
16 wt %, of 9 sample formed a gel after 12 h and became brittle only after 18h. of
heating. The results are summarized in Table 5.
Reaction vessels containing 3 and 5 wt % of 15 in cyclotene were prepared
in a manner similar to that above. After 1 h of heating, the contents of the 3 %
vessel began forming a very hght gel at the bottom. The contents of the 5 wt %
vessel began forming a viscous liquid after 1 h. After 3h of heating, the contents of
the two reaction vessels had become brittle at the bottom. The vessels were
removed from the heating source after 4 h. The results of this experiment are also
summarized in Table 5.
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Table 5.-- co-(o-Hydroxyphenyl)benzofulvene (9)/cyclotene®3022, Bulk
Polymerization Results
wt9% Ihr 2hr 3hr 4hr 9hr 12 h 18 h
0 GEL SG BR
3 GEL SG HG BR
5 VL GEL GEL BR
8 NVC NVC NVC NVC GEL BR
16 NVC NVC NVC NVC NVC GEL BR
VL (viscous Uquid), NVC (no visible change), BR (brittle), SG (stiff ge l),HG
(hard gel)
This method of polymerization did not prove to be the most efifecient path
for the preparation of tiie guest/host system. Heating in closed vessels at 180 °C
produced a refluxing effect and thus contributed to trapping of the solvents inside
the polymer. This caused problems when attempting to carry out the
Thermogaviometric Analysis (TGA). The loss of trapped solvents appears to be
substantial weight loss from the polymer, which could easily be mistaken as
degradation of the polymer system without further testing. Although, each of the
samples exhibited this initial solvent loss, the polymers were thermally stable in
excess of 400 °C. After heating for 1 h, the cyclotene-only sample exhibited 9.6 %
weight loss at 461.9 °C. At the same heating time, the sample vessel containing 3
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wt% of 9 showed stability up to 460.2 °C, 5 wt% showed up to 462.4 °C, 8 wt%
showed up to 461.1 °C, and 16 wt % showed up to 461.3 °C. When heated until
brittle, the samples were ground into a powder. The tiiermograms of the brittle
samples of 8 and 16 wt% were considerbly different from the other samples. This
could possibly be due to die long heating times these samples experienced, thus
allowing additional crosslinking to occur and the possibdity of degradation. A
summary of the TGA results is in Table 6.
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Table 6.--TGA Results for Bulk Polymerization of
a)-(o-Hydroxyphenyl) benzofulvene (9) /cyclotene®3022
wt % 9 Curing
Time (h)
Onset of Decomposition (°C) % wt loss*
0 1 461.9 9.6
2 459.6 11.8
3 462.0 10.2
3 1 460.2 26.4
2 439.9 22.3
4 459.3 16.7
5 1 462.4 29.3
2 456.7 22.9
4 461.8 19.2








Percentages do not reflect the true decompositions of the polymer system due to
trapped solvents.
These results indicate that the addition of the guest molecule up to 16 wt %
did not have a great effect on the thermal stabihty of the polymer with respect to the
TGA. In addition, the IR data of the “doped” cyclotene samples further support the
presence of 9 after curing. The DSC thermogram did not exhibit any obvious
changes in the thermogram when compared to the cyclotene-only samples.
Oscillating Differential Scanning Calorimeter (OSDSC) thermograms were also
examined. Here too there were no noticeable changes in the kinetic or Cp
components as compared to pure cyclotene polymer. The characteristic exotiierm
39
(probably additional curing) around 250 °C was present in each sample tested in
using both the DSC and the OSDSC. (See Appendix E for results).
Although it was evident from the thermal analysis and the IR spectra that it
is possible to use 9 as a guest, the data obtained were not conclusive. This method
of preparation presented such problems as increased cure times for the higher
percentages of 9 and substantial weight loss due to trapped solvents. In attemps to
address these problems, an alternative method was sought.
Thin Film Cure of Incorporated Materials
In hopes of alleviating the problems of trapped solvents, small amounts of
the samples were placed on glass shdes then heated in an oven at 180 °C for 3h to
prepare thin films. This method of curing was found to be more advantageous. In
addition, to allowing the solvents to escape during curing, the thin film method
glass allowed a more even heating of the sample. This method of thin film
polymerization gives us a better understanding of how these polymer samples will
be cast as films for poling.
For the thin fihn polymerization, 9 was added to cyclotene at 8 - 56 wt %.
The film clarity of these samples were assessed visually. With increasing
percentages of 9 there was a decrease in the clarity of the fihn. For the samples
containing 8, 16, and 24 wt %, the fihn was relatively homogeous and yellow in
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color. The intensity of the color increased with increasing amounts of 9. With the
color increasing from yellow to dark brown. The samples became more
heterogenous and darker with increasing 9. For NLO apphcations, the highest
concentration of the chromophore is desired in order to give the largest electro-optic
effect. For the guestdiost system prepared, 24 wt % of 9 would be the most likely
candidate. A summary of the yields can be seen in Table 7.











The observance of such high yields further indicates that the guest molecule
was not destroyed as a result of curing.
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From the TGA data, it could be observed that there was a definite difference
between the bulk polymerization and thin film samples. The solvent weight loss
was not observed in these samples. Analysis was carried out on 0, 8, 16 and 24 wt
%. (The samples with the best clarity). Each of the samples exhibited thermal
stabihty up to 450° C. A summary of the TGA results is given in Table 8.
Table 8.--TGA Results for Thin Film Polymeriation of co-(o-Hydroxyphenyl)
benzofulvene (9) /cyclotene®3022




OSDSC was used to evlaluate the thin film samples. In a manner analogous
to the bulk polymerization samples, there were no obvious changes in the Cp or the
kinetic components. The large exotherm seen in the buUc samples was also present
in the thin film samples. The thermograms can be seen in Appendix F.
In addition to being able to visually see the presence of the guest molecule in
the cured samples, its presence was also assessed by using a UV Visible
Spectrophotometer. The cyclotene-only sample spectrum was subtracted from that
of the “doped” sample. Each spectra contained a band at 370nm (see Appendix F).
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Using this form of sample preparation the value of e could not be properly
calculated due to such factors as an uneven film thickness and subtraction factors.
However, the presence of the characteristic fulvene band indicated the presence of
9.
“Doped” samples were also prepared on aluminum plates for analysis using
the Infi’ared Microscope in reflectance. From the spectra there was no presence of
the -OH group, but there were obvious diffences between the “doped” sample and
the cyclotene-only sample. Additional investigations were done to explain the
changes; however, there was no conclusive results. From the IR results it could be
concluded that the benzofulvene under went some reaction with the the polymer
matrix.
In addition, preliminary investigations were carried out on the incoporation
of (»-(2-allyloxyphenyl)beiizofulvene, 15, in hopes of creating a covalently bonded
polymer-chromophore system. For the thin film polymerization, 15 was added to
cyclotene at 8 - 56 wt%. The film clarity of these samples were assessed visually.
With increasing percentages of 15 there was an increase in the intensity of the
yellow in color. For the most part all of the samples appeared to be homogenous.
The yield of each sample was calculated. Table 9.
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The observance of such high yields fiuther indicates that the covalently
bonded molecule was not lost as a result of curing. As with the guest molecule, the
presence of the covalently bonded molecule was also assessed in the cured samples
by using aUV Visible Spectrophotometer in the same manner. The fulvene band at
350 nm indicated the presence of 15 (see Appendix G).
The OSDSC was also used to evlaluate these samples. Here too there were
no noticeable changes in the kinetic or Cp portions. As in the host/guest samples
the characteristic exotherm (probably additional curing) around 250 °C was present




The current work indicates the hydroxybenzofulvenes are sufficiently
thermally stable to meet the processing need of NLO materials. In addition,
Dow’s Cyclotene(0)3022 thermosetting resin provides a satisfactory matrix for
these materials. That data combined with our earlier work demonstrates that
benzofulvenes exhibit second harmonic generation, thus justifying the
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H NMR of ®(o-allyloxyphenyl)ben2ofulvene
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JR Spectrum of co-(o-allyloxyphenyl)benzofulvene
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56
UV Visible Spectra of ffl-(o-hydioxyphenyl)benzofulvene (hexane)
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Solid State UV Visible Spectrum of co-(o-hydroxyphenyl)benzofulvene film
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IR Spectram of co-(o-hydroxyphenyl)benzofulvene/cyclotene films
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TGA Thermogram of Cyclotene-only film


























OSDSC Themogram of co-(o-hydroxyphenyl)benzofulvenes
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